The major outer membrane porin (PorB) of Neisseria gonorrhoeae is an essential protein that mediates ion exchange between the organism and its environment and also plays multiple roles in human host pathogenesis. To facilitate structure-function studies of porin's multiple roles, we performed saturating mutagenesis at the porB locus and used deep sequencing to identify essential versus mutable residues. Random mutations in porB were generated in a plasmid vector, and mutant gene pools were transformed into N. gonorrhoeae to select for alleles that maintained bacterial viability. Deep sequencing of the input plasmid pools and the output N. gonorrhoeae genomic DNA pools identified mutations present in each, and the mutations in both pools were compared to determine which changes could be tolerated by the organism. We examined the mutability of 328 amino acids in the mature PorB protein and found that 308 of them were likely to be mutable and that 20 amino acids were likely to be nonmutable. A subset of these predictions was validated experimentally. This approach to identifying essential amino acids in a protein of interest introduces an additional application for next-generation sequencing technology and provides a template for future studies of both porin and other essential bacterial genes.
T he identification and study of essential genes in bacteria has been an experimental challenge. Gene products required for basic biological functions are significant in that their study informs important biochemical and enzymatic processes that occur within the cell and are also considered to be attractive targets for antimicrobial therapy; however, their essential nature renders them difficult to study. Recent developments in genomics have allowed for identification of essential genes expressed by an organism via comparative genomics or transposon-mediated genomewide gene inactivation, but we are still constrained in our ability to study phenotypes associated with these genes. Beyond classical genetic approaches using chemical or spontaneous mutation to isolate mutants with a biological phenotype, current strategies for functional studies of essential genes are limited to generating partial loss-of-function mutants by transposon mutagenesis, generating conditional mutants of the gene of interest, the use of inducible promoters for controlled depletion of gene products, or gene overexpression (1) . However, not all of these strategies are amenable for use in all microorganisms; for instance, the strict human pathogen Neisseria gonorrhoeae exhibits greatly reduced growth at temperatures above 41°C (2) , which makes the isolation of conditional temperature-sensitive mutants problematic.
The major outer membrane porin (PorB) of N. gonorrhoeae is an essential protein that forms a voltage gated pore that mediates ion exchange between the organism and its environment (3, 4) . It has also been directly implicated in bacterial pathogenesis by contributing to serum resistance via interactions with complement factors (5) (6) (7) (8) (9) (10) , mediating invasion of host cells (11) (12) (13) , and modulating apoptotic signaling in infected cells (14) (15) (16) (17) (18) . PorB exists in the bacterial outer membrane as a homotrimeric ␤-barrel; each monomer is 32 to 35 kDa and consists of 16 transmembranespanning segments and 8 extracellular loops. N. gonorrhoeae strains contain a single porB gene that is usually found in one of two allelic forms (P.IA or P.IB) which possess ϳ80% nucleotide similarity and have been associated with different infection phenotypes (19, 20) . The closely related organism Neisseria meningitidis possesses a porB gene that shares 60 to 70% amino acid similarity to gonococcal porB, and other commensal Neisseria species also encode porin genes with various degrees of homology to porB (21) . The majority of the variation between different porin genes and porB alleles can be found in the extracellular loop domains, with more amino acid conservation within the transmembrane regions (21) . N. meningitidis also expresses a related PorA porin that serves as a trimeric cation pore in the outer membrane (22) ; the gonococcal porA orthologue is a pseudogene (23) .
PorB's essential function in maintaining N. gonorrhoeae viability has presented challenges in terms of investigating other biological functions of porin such as its role in modulating the immune response or its ability to affect the viability of infected cells. Since all mutations generated in porB need to preserve its outer membrane pore function, we are limited in the ability to manipulate porin to study its functional domains. Previous strategies to study porin have involved generating hybrid porins from PorB molecules exhibiting different biological phenotypes (6, 7, 24) , or attempts at deleting the extracellular loop domains with variable success (12, 39) . Thus, to facilitate future structure-function studies of PorB, there is a need to identify essential versus nonessential residues of the protein to determine domains that are more amenable to mutagenesis.
Our attempts at constructing a library of random viable porin mutant strains have been met with mixed results; although we have successfully isolated mutations at many residues, the process is inefficient, and most of the recombinant strains contain wildtype porin sequence (39) . Thus, we wanted to use a more highthroughput approach for identifying mutations that could maintain expression of a functional porin. Next-generation sequencing technology has revolutionized biomedical research by dramatically reducing the cost of sequencing such that the cost per megabase is now less than $0.10 (http://www.genome.gov /sequencingcosts/). The ability to sequence large numbers of samples in parallel is broadly applicable to a number of diverse biological questions, including but not limited to sequencing genomes, identifying genetic and epigenetic variation within and between individuals, characterizing transcriptomes, detection of mutants, and SNP annotation (25) . In the present study, we performed saturating mutagenesis of the porB gene by independently mutating smaller regions of porB in a plasmid background and transforming pools of plasmids isolated from Escherichia coli into N. gonorrhoeae to select for allowable porin mutations. We utilized Illumina sequencing to sequence the libraries of mutants and compared mutations present in the E. coli pools versus the N. gonorrhoeae pools to identify putative essential residues in the gene. Our results will inform future studies on porin's role in N. gonorrhoeae pathogenesis and provide a template for expanded studies on other essential bacterial genes.
MATERIALS AND METHODS
Generating mutations in the FA1090 porB gene. The plasmid construct used to introduce mutations into FA1090 porB (expressing a P.IB allele) has been described previously (39) . Briefly, the majority of the porB gene (nucleotides [nt] 50 to 1047) and sequences from the downstream intergenic region (500 nt) were cloned into the pBluescript vector (Stratagene) using EcoRI and SacI restriction sites. As part of the cloning process, a synonymous C-to-T mutation was engineered at nt 1017 of porB to introduce an NheI restriction site. This mutation does not impact bacterial growth or other PorB-associated phenotypes. The EZ-Tn5͗Kan-2͘ insertion kit (Epicentre) was used to randomly insert a kanamycin resistance cassette into sequences downstream of porB to provide a selectable marker.
The porB gene downstream of nt 64 was divided into six smaller 150-to 200-nt domains to be targeted for random mutagenesis (nt 64 to 243, nt 241 to 438, nt 439 to 600, nt 598 to 759, nt 760 to 909, and nt 910 to 1043 of porB). The N-terminal signal sequence was not mutated to ensure proper protein localization. Random mutagenesis of these defined porB regions was done using the GeneMorph II EZClone domain mutagenesis kit (Stratagene) according to the manufacturer's specifications. The targeted porB domains were individually amplified under mutagenic PCR conditions to generate a pool of megaprimers containing random mutations (see Table S1 in the supplemental material). The megaprimers were then used to amplify the original pBluescript plasmid containing porB. The PCR products were digested with DpnI for 2 h at 37°C and then transformed into XL10-Gold ultracompetent cells (Stratagene). Plasmid DNA from kanamycin-resistant clones containing a random pool of porB mutants was purified from the resulting pool of colonies. For each mutated domain, plasmids from 2,000 E. coli transformants were isolated in duplicate, and the resultant pool of DNA from ϳ4,000 clones was used for subsequent transformation into N. gonorrhoeae.
For site-directed mutagenesis of individual amino acids in PorB, the porB gene was amplified using a QuikChange II XL site-directed mutagenesis kit (Stratagene) according to the manufacturer's specifications. The primers used to incorporate the desired mutations are found in Table S3 in the supplemental material. The appropriate mutants were identified by nucleotide sequencing and transformed into FA1090 as described below. FA1090 growth, transformation, and isolation of porB recombinants. N. gonorrhoeae strains were cultured on gonococcal medium base (GCB; Difco) agar plus Kellogg's supplements (26) and were grown at 37°C with 5% CO 2 for 18 to 20 h. Strains expressing mutations in porB were generated in the background of a piliated FA1090 strain expressing multiple Opa proteins. Mutations were introduced into the FA1090 chromosome at the porB locus (NGO1812, between truA [NGO1811] and oxyR [NGO1813]) by spot transformation as described previously (27, 28) , and recombinants were selected by plating transformants on GCB agar containing 50 g of kanamycin/ml. For each mutated domain, genomic DNA was isolated from 20,000 kanamycin-resistant FA1090 transformants in duplicate, and the resultant pool of DNA from 40,000 clones was used as the template for amplification of mutated domains for next-generation sequencing. For site-directed mutagenesis, individual random recombinant colonies were resuspended in colony lysis solution (1% Triton, 20 mM Tris [pH 8.3], 2 mM EDTA) and heated at 94°C for 15 min, after which the DNA in the lysates was screened for the presence of introduced mutations by PCR amplification and nucleotide sequencing. Since all of the sequencing was performed on either pools of DNA isolated from recombinant colonies in bulk, or crude lysates of individual colonies, we are not in possession of recombinant strains expressing specific mutations.
Amplification and preparation of mutated porB regions for nextgeneration sequencing. Mutated regions of the porB gene were amplified using either input plasmid DNA pools isolated from E. coli or output genomic DNA pools isolated from recombinant FA1090 as the templates. A total of 20 amplicons spanning the porB gene (ϳ200 nt in size, offset by ϳ50 nt) were amplified by using either KOD Hot Start DNA polymerase (Novagen) for genomic DNA or GoTaq Flexi DNA polymerase (Promega) for plasmid DNA and gel purified from a 2% agarose gel (QIAquick gel extraction kit; Qiagen) (for primer sequences see Table S2 in the supplemental material). Each PCR was performed in triplicate, resulting in three sets of amplicons for the input plasmid pool and three sets of amplicons for the output genomic DNA pool. The resultant gel-purified PCR products were analyzed for purity and quantity using the Experion automated electrophoresis system and an Experion DNA 1K kit (Bio-Rad). A total of 50 ng of each of the 20 amplified and purified domains was combined for a total of 1 g of DNA.
The NEBNext DNA Library Prep Master Mix Set for Illumina and the NEBNext Multiplex Oligos for Illumina (New England BioLabs) were used to prepare the pooled amplicons for Illumina sequencing according to the manufacturer's specifications. Agencourt AMPure XP beads (Beckman Coulter) were used to clean up the reactions after each of the end repair, dA-tailing, and adapter ligation steps. Size-selection of dA-tailed, adapter-ligated amplicons (ϳ300 nt) was done using AMPure XP beads, where progressively smaller DNA fragments are retained on the beads with increasing concentrations of polyethylene glycol (PEG)-salt found in the bead buffer. AMPure XP beads were first added to the DNA solution at 0.7ϫ, after which the beads bound to larger (Ͼ300-nt) DNA fragments were discarded. A further 0.3ϫ volume of beads was then added to the supernatant to increase the PEG-salt concentration, and the beads containing the target DNA were kept for washing and DNA elution. The size-selected adapter-ligated DNA was then subjected to PCR enrichment using 20 ng of adapter-ligated DNA as the template followed by gel purification. Six different index primers (Index 2, 4, 5, 6, 7, and 12) from the NEBNext Multiplex Oligos for Illumina kit were used to barcode the amplicon pools (three input and three output pools). The resultant DNA was analyzed for purity and quantity using the Experion automated electrophoresis system and DNA 1K kit. The input and output amplicon pools were mixed together so that there was 10-fold more output DNA relative to input DNA, and the sample was subjected to sequencing on one lane of an Illumina HiSeq 2000 (Illumina) with 100-bp single-end reads at the Tufts University Core Facility Genomics Core (Boston, MA). Demultiplexing of the reads was done with CASAVA-1.8.2, and Bowtie2 was used to align the sequences to one of the 20 amplicons. Reads that mapped to the complementary strand were discarded. A custom Perl script was used to determine the frequencies of base calls at each nucleotide position in each amplicon, as well as to discard bases with a Q score of Ͻ30.
RESULTS
Generating pools of FA1090 strains expressing random mutations in porB. In order to identify essential and nonessential residues in porB, pools of strains expressing random mutations in the porB gene were constructed. The aim was to perform saturating mutagenesis of porB in an E. coli plasmid vector and then to transform the pool of mutants into the chromosome of N. gonorrhoeae strain FA1090, where the only surviving recombinants would be those possessing porB genes that produce functional porins. In this way, essential PorB residues would be identifiable by comparing the mutations present in the input plasmid pool to the mutations expressed by the recombinant gonococcal strains. To this end, a plasmid containing the majority of the parental porB gene linked to a kanamycin resistance marker in the downstream intergenic region was constructed (39) . The porB gene was divided into six 150-to 200-nt domains that were individually subjected to random mutagenesis (Fig. 1) . We chose not to mutate the entire gene at once since multiple mutations along the entirety of the gene would be more likely to result in a nonfunctional porin. The signal sequence was not targeted for mutation to ensure proper localization of the mature protein.
Each individual porB domain was subjected to PCR-based mutagenesis, and the mutated plasmids were transformed into E. coli. An initial screen to determine mutagenesis frequency showed that for each individually mutated domain, 22 to 42% of the clones contained zero mutations in that domain, 26 to 45% contained one mutation, and 19 to 32% contained two or more mutations. Overall, at least 50% of the clones in a given mutant pool contained at least one nucleotide mutation in the targeted region; thus, to obtain a minimum of 5-fold coverage for each mutated domain, we estimated that at least 2,000 E. coli clones would be needed. Plasmid DNA from Ͼ2,000 E. coli transformants per individual mutated domain (input pools) was isolated for subsequent transformation into N. gonorrhoeae.
Plasmid DNA pools isolated from E. coli were transformed into N. gonorrhoeae strain FA1090, and kanamycin selection used to isolate clones that had recombined mutant porB genes into the chromosomal locus. Initial screening to determine recombination frequencies of random mutants in each domain yielded frequencies between 3.2 and 41.9% of the kanamycin-resistant clones containing at least one nucleotide mutation in the mutated domain of interest. For each individual mutated domain, 58 to 97% of the recombinant clones contained zero mutations in that domain, 0 to 19% contained one mutation, and 0 to 22% contained two or more mutations. We assessed the linkage frequencies of various defined and allowable porB mutations with the kanamycin resistance cassette and the results showed a large variation depending on the mutation, from 2 to Ͼ50%, and did not correlate with the distance of the mutation from the selectable marker. Because it is difficult to predict which residues and/or domains would be more or less mutable in the PorB protein, we chose to screen at least 20,000 recombinant FA1090 transformants from each mutated domain. Genomic DNA was then isolated from Ͼ20,000 kanamycin-resistant FA1090 colonies for deep sequencing (output pools).
Deep sequencing of porB mutant pools. Plasmid and genomic DNA containing mutations in porB was amplified for sequencing using 20 sets of primers designed to amplify 200-nt fragments of porB spanning the entire gene, where the fragments were offset from each other by ϳ50 nt (Fig. 2) . In order to minimize the presence of nonspecific amplification products, PCR products were gel purified and then analyzed with an automated electrophoresis system to confirm that only a single amplicon was present. Amplification from each of the input and output DNA pools was performed in triplicate, and for each replicate, the 20 amplicons spanning the porB gene were combined and ligated to Illumina TruSeq universal and indexed adapters such that each input/ . Several pools of plasmids expressing random mutations in different porB domains (indicated by different colors) were generated using PCR-based mutagenesis. Each plasmid pool containing both mutated and wild-type plasmids was transformed into N. gonorrhoeae strain FA1090 and kanamycin-resistant recombinants expressing porin variants that supported bacterial viability were selected. Plasmid and genomic DNA was isolated from the input and output pools, respectively, for further analysis.
output replicate was assigned one barcode. All of the amplicon pools were then combined such that there was ϳ10-fold more amplified DNA from the output pools relative to the input pools to ensure greater sequence coverage of the output pools which would contain a lower frequency of mutation. The entire DNA library was sequenced on one lane of an Illumina HiSeq 2000, with 100-bp reads.
Identification of putative essential residues in porB. After separating the sequences according to their adapter indices into the three input and three output pools, the frequency of base calls at each position in the gene was determined. Each sequence was assigned to an amplicon, and we only considered sequences in the forward orientation and discarded sequences in the reverse orientation (Fig. 2) , with the exception of the two amplicons at the C terminus of the protein where the complementary sequence was read. Bases with a Phred quality score of Ͻ30 were eliminated to minimize the chance of incorporating sequencing errors into the analysis. Indels were also removed since those should represent amplification or sequencing errors and in most cases would not be expected to produce a viable porin. For each nucleotide position the frequency of non-wild-type bases was determined relative to the total number of reads at that position. Replicates from the input plasmid and output genomic pools were paired at random to compare frequencies of each base in the output pool relative to the input pool, such that we had three replicates for each ratio at each position. The ratio of output frequency to input frequency was calculated for each base at every nucleotide subjected to mutagenesis in the porB gene and was used to determine whether a given nucleotide was mutable (see Table S4 in the supplemental material).
To determine the appropriate cutoff ratio for separating mutable versus nonmutable nucleotides, we considered a random selection of 20 porB amino acids that had been mutated experimentally with a single point mutation (39) (Fig. 3A , a subset of underlined residues), as well as a random selection of codons in the middle of the porB gene that could create a stop codon by a single point mutation. We reasoned that an optimal cutoff ratio FIG 2 Sequencing strategy for identifying mutable residues in PorB. Mutated porin sequences were amplified from input plasmid and output genomic DNA pools to generate 200-bp-long amplicons offset by 50 nt along the length of the porB gene. Each amplicon contained both mutated and unmutated sequences (represented by colored and black line segments, respectively), and amplifications were done in triplicate. After purification and quantitation, the amplicons were pooled and ligated to Illumina TruSeq and indexed adapters (represented by the gray line segments) for sequencing. Sequences in the reverse orientation were discarded in the data analysis, with the exception of the two amplicons at the C terminus of the protein, where only the reverse complement sequence was read. PorB subjected to random mutagenesis is shown (amino acids 21 to 348). Amino acids shown in green uppercase are predicted to be mutable, amino acids shown in purple uppercase are possibly mutable, and amino acids shown in red lowercase are predicted to be nonmutable. Residues shown in boxes represent the 8 extracellular loop domains. The underlined residues have been experimentally mutated in a previous study (39) . Asterisks (*) indicate residues where putative stop codons are predicted to be allowable, and degree signs (OE) indicate residues where mutations are missing in the input plasmid pool that could affect the predicted mutability of the amino acid. Arrows underneath residues indicate that they were targeted for site-directed mutagenesis in the present study (red, experimentally nonmutable; green, experimentally mutable; blue, putative allowable stop codons that were not isolated experimentally). (B) The predicted nonmutable residues were mapped onto the structure of the FA1090 PorB monomer as determined by I-TASSER modeling (36, 37) . Visualization was done using the DeepView SwissPdbViewer (v4.1) (38) . The structure is shown in two orientations for better visualization, and the locations of the extracellular loop domains are indicated. The predicted nonmutable residues that have not been experimentally tested are shown in red, the predicted nonmutable residues which have been previously mutated experimentally are shown in blue, and the predicted nonmutable residues that are experimentally nonmutable are shown in yellow. Whether amino acids localized in close proximity were predicted to interact was determined using the DeepView Swiss-PdbViewer (data not shown).
should allow identification of most or all of the previously mutated amino acids as mutable, and should not identify putative nonsense mutations as allowable. Based on these criteria we determined that an output frequency/input frequency ratio of 0.1 would allow most of the experimentally mutated amino acids to pass, while the majority of nucleotide changes resulting in putative stop codons possessed a ratio of Ͻ0.1. At each nucleotide position, we considered whether that base could be mutated to each of the other three non-wild-type bases. If the ratio of the output frequency to input frequency was Ͼ0.1 in three of three technical replicates for that base, we considered that mutation to be present in the output pool. If the output/input ratio was Ͼ0.1 in two of three technical replicates, we considered the change to have a high probability of occurring.
The putative amino acid changes resulting from each possible nucleotide change at every position was then determined. Any given amino acid in the PorB protein can be mutated to 5 to 7 other amino acids with a single point mutation depending on the nature of the codon sequence. For example, lysine 72 (CTG) can be mutated to methionine, valine, proline, arginine, or glutamine by a single nucleotide change. Conversely, isoleucine 53 (ATC) can be mutated to leucine, valine, phenylalanine, asparagine, serine, threonine, or methionine by a single nucleotide change (see Table S4 in the supplemental material). Once we identified all of the putative amino acid changes that were possible, whether the nucleotide mutations that are likely to have occurred (described above) would result in a concomitant amino acid change was determined.
We considered a given amino acid to be mutable if at least two independent nonsynonymous substitutions at a given codon occurred in all three technical replicates (e.g., lysine 72 was mutated to valine, proline, arginine, and glutamine, and those mutations occurred in all three replicates). If only one nonsynonymous substitution occurred in all three technical replicates, or if one or two nonsynonymous substitutions occurred in two of three replicates, that codon was considered to be possibly mutable. Amino acids where no nonsynonymous substitutions occurred were considered to be nonmutable.
The mutability of 328 amino acids in the mature PorB protein (amino acids 21 to 348 of the porB open reading frame, minus the N-terminal signal sequence) was assessed. Based on the criteria outlined above, 251 of 328 amino acids are predicted to be mutable, 57 are possibly mutable, and only 20 amino acids are predicted to be nonmutable (Fig. 3) . We have previously experimentally mutated several residues in PorB through targeted and random mutagenesis (Fig. 3A, underlined residues) (39) , and the majority of those amino acids were predicted to be mutable by this analysis, with the exception of 6 (of 115 known mutable amino acids, 5.2%) that were predicted to be nonmutable (Fig. 3A , residues in lowercase red and underlined; Fig. 3B, blue residues) . We also examined the presence of nonsense mutations in the output pool; since porB is an essential gene in N. gonorrhoeae, stop codons in the middle of the coding region should not be allowable. There are 90 codons in the porB gene that could be mutated to a stop codon by a single point mutation, and in our analysis the majority of the putative mutations (81/90, 90%) were predicted to be not allowable (see Fig. 3A for amino acids where nonsense mutations are predicted to be allowable).
We also considered the possibility that mutations missing from the input pool could have an impact on determining whether a given nucleotide/codon is mutable or not. Of the possible 2,949 nonwild-type nucleotides present in the analyzed region (983 mutated nucleotide positions, 3 non-wild-type bases per position), 81 (2.7%) are not present in the input pool (i.e., they have an input frequency of 0) and thus could not be present in the output pool. These missing mutations from the input pool resulted in 8 amino acid residues where the incomplete data set could have affected our conclusions regarding their predicted mutability (Fig. 3A) .
Overall, Ͼ90% of individual amino acids in the tested PorB region (308 of 328) are predicted to be either likely or possibly mutable (Fig. 3A , uppercase green and purple amino acids). Surprisingly, the allowable mutations were not enriched in the variable extracellular loop regions; the majority of transmembrane residues that are more highly conserved between Neisseria strains were also predicted to be mutable by our analysis. The predicted essential residues are also found in both loop and transmembrane regions, although many of the predicted nonmutable extracellular loop amino acids had been previously mutated experimentally (39) . The nonmutable residues in the transmembrane regions do not localize to a particular region in the protein, and when these residues were mapped in the context of a predicted FA1090 PorB structure, no significant interactions were predicted between any of the essential amino acids that might constitute a structural domain, even for residues localized in close proximity to each other in the structure (Fig. 3B) .
Experimental validation of predicted essential and nonessential porB residues. To further validate the predictions from the sequencing analysis, we chose a selection of PorB residues for targeted mutation via site-directed mutagenesis (Fig. 3A) . The F62 and S318 residues are predicted to be mutable, R35, F192, and W325 are predicted to be nonmutable, and S175 and Y274 are residues where putative nonsense mutations are predicted to be allowable. We mutated the F62, S318, R35, F192, and W325 amino acids to alanine in a plasmid vector and S175 and Y274 to stop codons and transformed N. gonorrhoeae strain FA1090 with the mutated plasmids. Kanamycin-resistant recombinants were isolated and screened for the presence of the introduced mutation by PCR amplification of the region of interest and sequencing. The recombination frequencies for each of the targeted mutations ranged from 0 to 0.56 (Table 1) . As predicted, we were able to mutate F62 and S318 to alanine and were unable to isolate alanine substitution mutations at R35, F192, and W325. We were also unable to recover any recombinants containing premature stop codons at either position S175 or position Y274. Overall, these results validate the predictions obtained from the sequencing analysis.
DISCUSSION
The N. gonorrhoeae outer membrane porin PorB plays an important biological role for the organism not only in terms of its ability to transport small molecules into the periplasm but also because it has important functions for immune modulation and infection of host cells. The essential nature of the gene has made it challenging to dissect its functional domains since it was unknown which regions and/or residues of the protein are necessary for its outer membrane pore function. The development of next-generation sequencing technology has been of great utility for identifying mutations that are both naturally occurring such as those present in cancer genomes, as well as introduced mutations to identify virulence factors in pathogenic microorganisms. In the present study, we used saturating mutagenesis and deep sequencing to identify essential residues in PorB. The results of the sequencing analysis correlated well with experimental data and will inform future structure-function studies of PorB, as well as provide a blueprint for analyzing essential residues in other bacterial proteins that are required for viability. Our goal for the initial mutagenesis efficiencies of the input plasmid pool was to have every possible point mutation represented. Since the probability of obtaining a nonfunctional protein increases with multiple simultaneous mutations, we chose to err on the side of using a lower mutation frequency of one mutation per recombinant clone. We succeeded in generating 97.3% of the possible mutations using 20-fold coverage of each individually mutated domain, where approximately half of the clones did not contain any mutations. For future studies requiring higher coverage, either the mutation frequency or the number of clones screened could be increased easily given the large capacity of nextgeneration sequencing platforms. A more complete representation of potential mutants could be provided by using amplification primers where non-wild-type bases have been incorporated at a defined frequency at each nucleotide position, since the errorprone polymerases we used for PCR-based mutagenesis may have inherent biases in terms of which types of mutations are generated.
The results of our analyses suggested that most residues in the mature PorB protein (308 of 328) can be mutated on an individual basis. Many of the allowable mutations resulted in at least one nonconservative substitution; we found evidence that ca. 90% of the 308 mutable amino acids could be changed to residues with different biochemical properties (data not shown; see also Table  S4 in the supplemental material). Our predictions regarding mutability of specific residues correlated well with experimental data, though there were six experimentally mutated amino acids that were predicted to be nonmutable in the analysis (Fig. 3) . It is unclear why these particular experimentally mutable residues were predicted to be nonmutable. Likely not all mutations are equally tolerated at all positions, and our method of random mutagenesis necessarily meant that each individual amino acid could only be mutated to seven others at most; thus, we are not observing the full spectrum of mutations that could potentially occur. This limitation in the scope of possible amino acid changes could also contribute to why some amino acids were considered to be "possibly mutable" versus "likely mutable."
We also predicted several allowable stop codons in the middle of the open reading frame, which appeared incompatible with the idea that porin is essential for bacterial viability. One possible explanation for the detection of allowable stop codons in the output pools is the presence of contaminating plasmid DNA containing a wild-type porB gene carried over from the input pools, but since there were two overnight growth steps between introducing the transforming plasmid DNA and recovering recombinant genomic DNA, the likelihood of retaining significant amounts of contaminating DNA is low. Another possibility is the presence of errors occurring during sequencing; the removal of low-quality reads from the analysis was intended to minimize the inclusion of inaccurate base calls, although it is possible that some errors were still present. The incorporation of deleterious mutations could also be allowed if porB merodiploids were generated during recombination such that all or a portion of wild-type porB remained in the chromosome (29) , but it is not clear whether all regions of the genome are prone to duplication. Based on our previous experience where we attempted to generate numerous targeted mutations in porB with variable success and our inability to recover strains expressing certain mutations in the present study, we do not believe this region of the genome readily undergoes duplication. Alternatively, translational readthrough of introduced stop codons could be occurring at a low frequency (30) ; however, we did not detect any evidence of this occurring after introducing premature stops using site-directed mutagenesis and screening ϳ95 recombinant clones by sequencing. The presence of allowable stop codons could also be an artifact of the way the analysis was performed, which is further discussed below.
The fact that most of the amino acids analyzed were mutable was surprising given the essential nature of the protein and the higher degree of conservation in porin transmembrane domains between different Neisseria species relative to the extracellular loop sequences (21) . However, we only considered single point mutations in this analysis, not multiple mutations or deletions, and the former are less likely to significantly alter the protein structure and may be better tolerated. Although our study provided an assessment of which residues could be mutated on an individual basis, we also did not determine whether any of the mutations were linked to each other. Our goal for mutagenesis was to generate an average of one mutation per 150-to 200-nt domain; thus, the likelihood of more than one mutation per codon would be small. Nevertheless, it remains possible that multiple mutations within a single codon could result in compensatory mutations, for example, those that remove a stop codon in the middle of the open reading frame. It is also possible that mutations at one residue that adversely affects pore function could be compensated for by a mutation at a neighboring residue, which we have not determined in our analysis.
Porin is a highly abundant protein in the bacterial outer membrane, and it has been considered a vaccine candidate for both N. gonorrhoeae (31, 32) and N. meningitidis (33) . PorB stimulates immune responses in humans and animals in the absence of adjuvants and can itself function as an adjuvant to enhance protection against Francisella infection in mice (34, 35) . However, despite the fact that PorB performs an essential function for bacterial survival and has not been reported to undergo phase or antigenic variation, our studies suggest that a significant amount of variation can be tolerated throughout the length of the protein and, as such, it may not be an ideal vaccine target.
In summary, we have designed here a strategy to identify essential residues in a bacterial outer membrane protein that is required for viability by utilizing next-generation sequencing technology to screen large pools of bacterial recombinants where the frequency of obtaining viable mutant strains is low. Our results will facilitate future structure/function studies of PorB, and this approach could be easily adapted to any number of other essential bacterial genes to potentially identify important structural or functional domains.
